Histone acetyltransferases have been shown to participate in many essential cellular processes, particularly those associated with activation of transcription. SAGA (Spt-Ada-Gcn5 acetyltransferase) and SLIK (SAGA-like) are two highly homologous multisubunit histone acetyltransferase complexes that were originally identified in the yeast Saccharomyces cerevisiae. Here, we identify the protein Sgf73͞Sca7 as a component of SAGA and SLIK, and a homologue of the human SCA7-encoded protein ataxin-7, which, in its polyglutamine expanded pathological form, is responsible for the neurodegenerative disease spinocerebellar ataxia 7 (SCA7). Our findings indicate that yeast Sca7 is necessary for the integrity and function of both SAGA and SLIK, and that the human ataxin-7 is able to compliment the loss of Sca7 in yeast. A polyglutamineexpanded version of ataxin-7 assembles a SAGA complex that is depleted of critical proteins that regulate the ability of SAGA to acetylate nucleosomes. These observations have significant implications for the function of the human Sca7 protein in disease pathogenesis.
T
he close interaction between DNA and histone proteins in the context of chromatin presents a fundamental problem for processes such as transcription and repair in which direct access to the DNA template is required. Chromatin-modifying complexes regulate chromatin function by transferring different moieties to histones, most frequently to their tail regions. Patterns of histone acetylation are associated with the transcriptional capacity of chromatin (1) . SAGA and SLIK͞SALSA are highly conserved transcriptional coactivator complexes that preferentially acetylate histones H3 and H2B (2, 3) and are involved in the regulation of DNA polymerase II-transcribed genes in yeast (4) . These two Gcn5-dependent histone acetyltransferase (HAT) complexes have also been shown to contain many transcription-related proteins (1, 5) . Homologous STAGA, PCAF, and TFTC complexes have been isolated from mammalian cells, indicating that SAGA complexes play a pivotal role in transcription in eukaryotes (6) (7) (8) .
Here, we identify the yeast homologue of the human SCA7 gene product, ataxin-7, as a component of the SAGA and SLIK complexes. SCA7 is one of eight known autosomal dominant neurodegenerative disorders, including Huntington's disease and several other spinocerebellar ataxias, caused by CAG (encoding glutamine, Q) nucleotide repeat expansions (9, 10) . In SCA7, cerebellar ataxia is associated with macular dystrophy, retinal degeneration, progressive loss of photoreceptor and bipolar cells, and eventual blindness (11, 12) . The glutaminerepeat number expands from Ͻ35 (nonpathogenic) to an extreme of 300 (pathogenic) copies, although 75% of normal alleles encode proteins with only 10 repeats (13) . However, the physiological role of the normal ataxin-7 protein is unknown. The distribution of ataxin-7 mRNA and protein do not correlate with the selective neuronal cell loss observed in patients; therefore, the selective pattern of degeneration contrasts with ubiquitous ataxin-7 expression (14) . Thus, understanding the normal function of the Sca7 protein is likely to be critical for understanding how disease pathogenesis arises.
Materials and Methods
Yeast Strains and Plasmids. The WT, sca7⌬, ⌬ ϩ 10Q, and ⌬ ϩ 60Q strains used for large-scale SAGA and SLIK preparations were derivatives of BY4741 and BY4742 (Research Genetics, Huntsville, AL). TAP tagging was performed in the yeast strain BY4742, as described in ref. 15 . Gal4-VP16 toxicity assays were performed by using the VP16 expression plasmid pSB201 (CEN, Leu) (16) . Human SCA7-10Q and SCA7-75Q were obtained in the mammalian expression vector pCDNA3.1͞HisA (10) . They were cloned into the yeast expression vector pRS416 (CEN, Ura). CAG repeat lengths were confirmed by sequencing, and Sca7-75Q contracted to 60Q during the cloning process.
Purification of SAGA and SLIK Complexes. Whole-cell extracts (WCE) were prepared by glass bead-disruption from 4 liters each of WT, sca7⌬, ⌬ ϩ 10Q, and ⌬ ϩ 60Q yeast strains grown to mid-log phase in yeast extract͞peptone͞dextrose medium as described in ref. 15 . WCE were bound to a Mono Q HR 16͞10 column (GE Health Care). SAGA and SLIK were eluted with a 500-ml linear gradient from 100 to 500 mM NaCl, and peak chromatographic fractions were determined by HAT assays and Western blotting. WCE from 1 liter each of WT and SCA7-TAP strains were prepared in the same manner, bound to 200 l of calmodulin resin (Stratagene), and eluted as described in ref. 15 . For complex isolation used for silver staining in Fig. 5D , SAGA from WT and ⌬ ϩ 60Q was purified from WCE from 1 liter of yeast over successive Ni-NTA agarose, Mono Q HR 16͞10, Superose 6 HR 10͞30, and Mini Q 3-2͞3 columns (GE Health Care) as described in ref. 3 . Silver staining was also done as described in ref. 17 .
Western Blot Analysis and HAT Assays. Proteins from Mono Q columns were immunoblotted with rabbit Ada2, Ada3, TAF12, Spt3, TAF10, Sca7, and Gcn5 or protein A (to detect Sca7-TAP) antisera. Fluorography and liquid HAT assays were performed with HeLa free histones and nucleosomes as described in ref. 15 .
␤-Galactosidase Assays. ␤-Galactosidase assays were performed in WT, sca7⌬, and ada2⌬ yeast strains as described in ref. 16 . Yeast strains were transformed with a vector containing a GAL1 promoter element fused to LacZ and a second low-copy expression vector containing Gal4-VP16. If SAGA is present, Gal4-VP16 bound to the GAL1 promoter drives LacZ expression.
Results
Here, we report the identification of a 73-kDa protein as a component of SLIK and SAGA. The yeast protein Sgf73͞Sca7 (18) was identified by mass spectrometry (data not shown) as a component of both purified SAGA and SLIK (3) . Note that Sgf73͞Sca7 migrates with Spt20, and that Spt7 is truncated in SLIK (3). This protein contains a highly conserved domain that is homologous between proteins from several organisms (Fig.  1A) including human ataxin-7. The yeast and human proteins share 21% identity over the entire length of the proteins and 50% identity over 50 aa ( Fig. 1 A) (19) .
Yeast Sca7͞Sgf73, hereafter referred to as Sca7, is a previously uncharacterized component of SAGA and SLIK. To confirm the association of Sca7 with other components of SAGA and SLIK, a C-terminal TAP-tagged SCA7 strain was created (15) . WCE were prepared from WT and SCA7-TAP strains, bound to calmodulin, and eluted with EGTA (3). The elution fractions were analyzed by Western blotting with an anti-protein A antibody to detect the Sca7 fusion protein and antibodies to detect the SAGA and SLIK components Ada2 and TAF12 (17) . To determine what effect the loss of Sca7 had on SAGA and SLIK, WCE were prepared from WT and sca7⌬ strains and bound to Ni 2ϩ -NTA agarose. The eluates were fractionated over a Mono Q anion exchange column to isolate SAGA, or flowthrough extracts were fractionated to isolate SLIK (3). To assess the integrity of these complexes, the fractions were analyzed by Western blotting. Fig. 2 A and B shows that the normal fractionation of SAGA and SLIK is significantly compromised in the sca7⌬ strain. However, the ADA complex, which contains a subset of Ada proteins found in SAGA and SLIK, including Ada2 and Ada3, as well as the enzymatic subunit Gcn5 (20) , remains intact ( Fig. 2 A and B) . Consistent with a loss of typical SAGA fractionation in the sca7⌬ strain, there was also a corresponding loss of SAGA-associated HAT activity upon further fractionation over a Superose 6 size exclusion column (Fig. 2C) . The unrelated Sas3-dependent NuA3 HAT complex (21) remains unaffected by the deletion of Sca7. This finding indicates that Sca7 is specifically important for the HAT activity and normal fractionation of the SAGA and SLIK complexes.
Slight growth defects were observed in the sca7⌬ strain on media containing acetate as the carbon source, media containing glycerol and ethanol as the carbon sources (Fig. 3A) , and synthetic complete media lacking inositol (data not shown). Inositol auxotrophy is typical of mutations in coactivators (indicative of a defect in general transcription), and the inability to use acetate as a carbon source indicates possible defects in the tricarboxylic acid or glyoxylate cycles, consistent with loss of SAGA and͞or SLIK function (3, 22, 23) .
The transcriptional coactivation capacity of the sca7 deletion strain was analyzed using an assay to screen for ADA gene function. All ADA gene products isolated to date are known to incorporate into the SAGA and SLIK complexes. This assay tests the cells' ability to survive overexpression of Gal4-VP16, which is toxic to WT cells. Overexpression of VP16 has been suggested to cause misdirection of SAGA to inappropriately activate a number of cellular genes, and to sequester general transcription factors away from productive transcription complexes (23) . Mutations in SAGA that alter functional interaction with VP16 allow the cells to overcome the toxic growth defect and constitute an ADA phenotype. WT and sca7⌬ yeast strains, along with an ada3⌬ strain as a control, were transformed with a high-copy plasmid containing Gal4-VP16 (23) . Fig. 3B shows that the sca7⌬ strain behaves in the same manner as the ada3⌬ strain in this assay, suppressing VP16 toxicity. This finding indicates that SCA7 is an ADA family member, consistent with its function as part of SAGA and SLIK. The sca7⌬ yeast strain was also found to be deficient in low-copy Gal4-VP16-dependent expression of a LacZ reporter gene (Fig. 3C) , similar to other ADA family members (23) .
We next wanted to determine whether the human SCA7 gene was able to complement the loss of the yeast SCA7 gene. Therefore, we generated yeast vectors expressing human SCA7-encoded ataxin-7 protein containing either 10 (nonpathogenic) or 60 (pathogenic) glutamines (Q) (10) . These plasmids were transformed independently into the sca7⌬ yeast strain. SAGA complex was purified from these strains (termed ⌬ ϩ 10Q, or simply 10Q, and ⌬ ϩ 60Q, or 60Q) as described above. The fractions were analyzed by Western blotting to assess the restoration of normal fractionation of SAGA. Fig. 4 indicates that the SAGA fractionation lost in the sca7⌬ yeast strain, as compared with WT, is restored by human ataxin-7 with both 10Q and 60Q.
To determine whether aspects of SAGA function that were lost in the deletion strain were restored by the addition of the human genes, we tested what effect human ataxin-7 10Q and 60Q had on SAGA HAT activity in comparison with the ADA complex when expressed in the sca7⌬ yeast strain. HAT assays were performed by using partially purified ADA or SAGA complex from the WT, sca7⌬, ⌬ ϩ 10Q, and ⌬ ϩ 60Q strains. The fractionation pattern (Fig. 4) and histone and nucleosomal HAT activity of partially purified ADA complex from peak chromatographic fractions from these strains remains unaltered by any of the sca7 mutations (Fig. 5A) . However, when free histones are used as a substrate, the SAGA HAT activity that is diminished in the sca7⌬ strain is restored to near WT levels in both the ⌬ ϩ 10Q and ⌬ ϩ 60Q strains (Fig. 5B) . In contrast, the ⌬ ϩ 60Q strain specifically is defective in acetylation when nucleosomes are used as a substrate (Fig. 5B) . To quantify the amount of HAT activity, we performed liquid HAT assays using equivalent amounts of SAGA complex from the same strains (15) . Liquid HAT assays allow the quantification of incorporation of radioactive acetate onto a substrate by scintillation counting. Fig. 5C confirms that SAGA from the 10Q and 60Q strains displays HAT activity at levels very similar to that of WT SAGA when free histones are used as a substrate, whereas when nucleosomes are used as a substrate SAGA from the 60Q strain can acetylate only about 25% as well as WT SAGA.
We postulated that a possible explanation for this defect was an altered association or function of the catalytic components of the complex. Therefore, Western blots were also performed on peak SAGA fractions to help determine whether complex integrity is compromised by Poly Q expansion. The amounts of the ADA complex present from each fractionation (Fig. 5A ) served as a reference to normalize the amount of corresponding SAGA to use from each strain. Interestingly, levels of the HAT enzyme Gcn5 were roughly equivalent in the 10Q and 60Q SAGA complexes. However, the levels of key protein components essential to the HAT function of SAGA and SLIK, namely Ada2, Ada3, and TAF12, are diminished in the 60Q-containing complex (Fig. 5B) . Although recombinant Gcn5 is unable to acetylate nucleosomal substrates, its association with Ada3 via the bridging factor Ada2 enables Gcn5 to modify nucleosomal histones (24) . Furthermore, we have previously demonstrated that TAF12 (TAF68) is essential for SAGA to function as a nucleosomal HAT and for Spt3 to associate (17) .
To further analyze the composition of SAGA from the WT and ⌬ ϩ 60Q strains, partially purified SAGA was analyzed by silver stain (Fig. 5D) . A largely unaltered composition of the complex was observed, with the reduced association of a small number of subunits in 60Q, including those predicted to represent Ada2 and Spt3. Therefore, an alteration of complex components including the depletion of critical proteins that regulate Gcn5-dependent nucleosome recognition and modification within SAGA gives significant insight into the possible mecha- (3)] yeast strains were assayed for their ability to grow on synthetic complete medium containing dextrose, acetate, or glycerol plus ethanol carbon sources. (B) Yeast transformed with a high-copy Gal4-VP16 plasmid were plated on selective medium. Gal4-VP16 toxicity assays were performed in WT, ada3⌬, and sca7⌬ strains. (C) Histogram depicting ␤-galactosidase assays using low-copy Gal4-VP16-dependent transcription of a Gal1-LacZ reporter construct transformed into the indicated yeast strains. Bars indicate standard errors. Fig. 4 . Defect in normal SAGA fractionation in the sca7⌬ strain is restored by the addition of human SCA7 with 10Q or 60Q. The human SCA7 gene encoding either 10 (10Q) or 60 (60Q) glutamine repeats was introduced into the sca7⌬ yeast strain on a pR412 (CEN) expression vector. Extracts from the ⌬ ϩ 10Q and ⌬ ϩ 60Q strains were fractionated over a Mono Q column in the same manner as the WT and deletion strain. Western blot analysis of column fractions was performed with an Ada2 antibody.
nism of dysfunction for the poly(Q)-expanded ataxin-7 protein during SCA7 disease pathogenesis.
Discussion
The SAGA family of HAT complexes has been exquisitely conserved between yeast and humans (17) , and Sca7 protein homologues have been identified in numerous species (Fig. 1 A) . In strong support of our observations, human ataxin-7 is also a component of the mammalian HAT complexes STAGA and TFTC, and similar observations have been made in the presence of an expanded version in mammalian cells [see companion article (25) and ref . 26] . Studies using a mouse model indicate that STAGA complexes are recruited to retinal cone-rod homeobox (CRX) protein target promoters but that reduced levels of acetylated H3 on promoter͞enhancer regions of photoreceptor genes occurs concomitant with onset of retinal degeneration in SCA7 polyglutamine expanded mice (25) .
Numerous studies have reported that expanded versions of human ataxin-7 precipitate in nuclear inclusions (NIs) (10) . In fact, a common occurrence in SCA7 patients is the formation of NIs that contain aggregates of an N-terminal truncated mutant form of ataxin-7 in the brain and retina (9, 27) . NIs are hypothesized to play a role in sequestration of some toxic soluble components or to be toxic themselves. However, although NIs are frequently associated with disease pathogenesis, aggregates have also been observed in the cytoplasm (28) and in neuron populations resistant to SCA7-related degeneration (27) . More recently, NIs in a neuronal Huntington model have been described as a ''coping'' response and thought to reduce the level of neuronal cell death (29) . The selective pattern of neurodegeneration in these disorders may therefore be caused by several factors. For example, dysfunction in transcriptional activation and coactivation is also speculated to play a role in poly(Q) disease pathogenesis because of the observation that CBP (CREB binding protein), a mammalian HAT, has been localized to aggregates containing proteins with expanded poly(Q) tracts (9, 30) . This finding suggests a possible connection between disruption of HAT complex function and poly(Q) toxicity. Importantly, both forms of the human SCA7 gene, normal and expanded, allow reassembly of the yeast SAGA complex (Fig. 4) . Therefore, the pathology of SCA7 disease may not simply be the consequence of precipitation of expanded Sca7 protein but also of putative dysfunction of soluble mutant protein.
It has been hypothesized that because of its association with a HAT complex, the normal function of Sca7 is in transcriptional regulation (27) . Our studies suggest that a substantial amount of ataxin-7-60Q remains soluble and associates with SAGA. Therefore, our data implicates that the expanded glutamine tract Sca7 protein assembles a dysfunctional and putatively dominantnegative SAGA complex, which may be recruited to specific promoters, has equivalent amounts of Sca7 associated but lacks critical levels of the Ada2, Ada3, and TAF12 proteins that regulate nucleosome acetylation by Gcn5. This result is important because of the previously mentioned observation that SCA7 disease pathogenesis has been associated with the formation of NIs containing aggregates of the expanded protein. A recent study addressing the involvement of the ubiquitin proteosome system (UPS) in SCA7 disease pathogenesis determined that in a mouse model expressing a large number of CAG repeats (associated with infantile onset in humans), no impairment of the UPS could be detected despite establishment of disease. Furthermore, these studies indicated a protective role against neuronal dysfunction for poly(Q) nuclear inclusions (31) . It is important to note that SAGA also has been suggested to be a target of an expanded huntingtin protein fragment expressed in yeast (32) . Expanded huntingtin causes a down-regulation of certain SAGA-dependent genes, consistent with loss of SAGA function. It will be interesting to determine whether a number of poly(Q) disorders are the result, in part, of SAGA dysfunction.
SCA7 disease may therefore be a result of a combination of observations: formation of nuclear inclusions as well as perturbed chromatin modification and transcriptional regulation. SAGA and SLIK, together with TFIID, regulate most DNA polymerase II-transcribed genes in yeast. However, Gcn5 as a part of SAGA, and SLIK is essential for the expression of only a subset of these but is dominant in the regulation of stress responsive genes (33) . Loss of expression of certain SAGAdependent neuronal genes may therefore contribute to the manifestation of this disorder. Importantly, histone deacetylase inhibition may provide a mechanism for reversing loss of SAGA acetylation patterns in diseased cells and could provide a possible therapy for these disorders.
